Mobile group II introns have been used to develop a novel class of gene targeting vectors, targetrons, which employ base pairing for DNA target recognition and can thus be programmed to insert into any desired target DNA. Here, we have developed a targetron containing a retrotransposition-activated selectable marker (RAM), which enables one-step bacterial gene disruption at near 100% ef®ciency after selection. The targetron can be generated via PCR without cloning, and after intron integration, the marker gene can be excised by recombination between¯anking Flp recombinase sites, enabling multiple sequential disruptions. We also show that a RAM-targetron with randomized target site recognition sequences yields single insertions throughout the Escherichia coli genome, creating a gene knockout library. Analysis of the randomly selected insertion sites provides further insight into group II intron target site recognition rules. It also suggests that a subset of retrohoming events may occur by using a primer generated during DNA replication, and reveals a previously unsuspected bias for group II intron insertion near the chromosome replication origin. This insertional bias likely re¯ects at least in part the higher copy number of origin proximal genes, but interaction with the replication machinery or other features of DNA structure or packaging may also contribute.
INTRODUCTION
Mobile group II introns are retroelements that encode reverse transcriptases (RTs) and insert into speci®c DNA target sites at high frequency by a process termed retrohoming (1, 2) . The retrohoming reactions are carried out by a ribonucleoprotein (RNP) complex that is formed during RNA splicing and consists of the intron-encoded protein (IEP) and the excised intron lariat RNA (3±7). This RNP initiates mobility by recognizing a speci®c double-stranded DNA target site, with both the IEP and base pairing of the intron RNA contributing to DNA target site recognition ( Fig. 1) (6, 8) . The IEP ®rst recognizes a small number of`®xed' positions in duplex DNA, triggering local DNA unwinding, which enables the intron RNA to base pair to the adjacent 14±16 nt DNA sequence (7) . These base pairing interactions involve three short sequence elements in the DNA target site [intron-binding sites 1 and 2 (IBS2 and IBS1) and d¢], which are recognized by complementary sequence elements [exon-binding sites 1 and 2 (EBS1 and EBS2) and d] in the intron RNA (see Fig. 1 ). The intron RNA then inserts directly into one strand of the DNA by reverse splicing, while the IEP cleaves the opposite strand and uses the cleaved 3¢ end as a primer for reverse transcription of the inserted intron RNA. The resulting intron cDNA is integrated by host DNA recombination or repair enzymes (9±11).
Because the DNA target site is recognized primarily by base pairing of the intron RNA, it has been possible to develop group II introns into a new class of gene targeting vectors, targetrons', which can be programmed to insert into any desired target DNA (12, 13) . Previously, we showed that a targetron based on the mobile Lactococcus lactis Ll.LtrB intron could be used for highly speci®c chromosomal gene disruption and site-speci®c DNA insertion in both Gramnegative and Gram-positive bacteria (13, 14) . Without selection, chromosome gene disruption frequencies in Escherichia coli were typically 0.1±1%. The`®xed' positions recognized by the IEP are suf®ciently¯exible that computer programs readily identify multiple potential target sites in each gene. In addition to site-speci®c insertion, we showed that a targetron in which the RT activity had been inactivated by mutation could be used to generate double-strand breaks at speci®c chromosomal DNA locations, enabling the introduction of point mutations by homologous recombination with a co-transformed DNA fragment (13) .
Here, we have constructed a targetron with a retrotransposition-activated selectable marker (RAM) that makes possible one-step bacterial gene disruption at near 100% ef®ciency after selection. Further, we show that a RAMtargetron with randomized target site recognition sequences yields single insertions at sites throughout the E.coli genome, creating a gene knockout library. In addition to providing further insight into target site recognition rules, analysis of the randomly selected insertion sites reveals a previously unsuspected bias for group II intron insertion near the replication origin.
MATERIALS AND METHODS

Bacterial strains and selection conditions
Escherichia coli HMS174(DE3) (F ± recA hsdR Rif R ) (Novagen, Madison, WI) was used for intron mobility assays and gene disruption experiments and DH5a was used for cloning. For selections, trimethoprim was added at 10 mg/ml and thymine was added at 1 mg/ml to M9 minimal medium and 2 mg/ml to Mueller±Hinton medium. Ampicillin and chloramphenicol were added at 100 and 25 mg/ml, respectively.
Recombinant plasmids
The targetron construct, pACD3-RAM, was derived from intron donor plasmid pACD3 (13) by inserting a RAM into group II intron domain IV. The marker consists of a reverse orientation trimethoprim resistance (Tp R ) gene disrupted by a forward orientation self-splicing td group I intron (Fig. 2) . The Tp R gene, encoding a type II dihydrofolate reductase (DHFR), was ampli®ed by PCR of plasmid R751 (15) with primers AGTACGCGTAGTTGACATAAGCCTGTTCG and AGTA-CGCGTCAGGCCACACGTTCAAGCGCAGCCACA. After deleting 5¢-UTR positions +22 to +250 from the transcription start site by an additional PCR, the insert was cloned into the MluI site in domain IV of the Ll.LtrB-DORF intron. The self-splicing td intron (10) was inserted at a non-essential site near the N-terminus of the DHFR ORF (16), with modi®cations of the DHFR sequence to ensure ef®cient td intron splicing (+6CCAACACA ® +6G¯ACCCAAGAAA, changes underlined and arrow indicating the td intron insertion site). In pACD3-RAMF, the FRT sequence GAAGTTCC-TATTCTCTAGAAAGTATAGGAACTTC was added to both ends of the Tp R marker gene via PCR, prior to cloning into pACD3. pACD3-RAM-PCR was derived from pACD3-RAM by deleting positions ±18 to +289 from the Ll.LtrB intron 5¢ splice site, generating an EcoRV site. To determine mobility frequencies in plasmid assays, the RAM and RAMF cassettes were cloned into the MluI site of the T7 promoter-containing Ll.LtrB intron in pACD2 (12,13; see below).
The RAM-targetron library was constructed by PCR to randomize target site recognition sequences EBS2 (positions ±12 to ±8), EBS1 (±6 to ±1) and d (+1 to +3), as well as the corresponding IBS2 and IBS1 positions in the 5¢ exon for ef®cient RNA splicing, as described previously for pACD2 libraries (12, 13) .
pMAK-Flp, which expresses Flp recombinase under the control of the pBAD promoter, was constructed by recloning a 3.1 kb segment of pBAD33-Flp (17) into pMAK705 (18) via PCR with primers TCCCCCGGGCATAATGTGCCTGT-CAAATG and TCCCCCGGGATACATATTTGAATGTA-TTTAG. The 3081 bp PCR product was digested with SmaI and cloned between the blunted AseI and Bsu36I sites of pMAK705.
Group II intron mobility assays and chromosomal gene disruption
Group II intron mobility frequencies were determined by using an E.coli two-plasmid assay in which an Ll.LtrB intron containing a phage T7 promoter near its 3¢ end inserts into a target site upstream of a promoterless tet R gene, thereby activating that gene. The assays were as described (12, 13) , except that 500 mM IPTG and 30°C were used instead of 100 mM IPTG and 37°C.
For chromosomal gene disruption, targetrons containing the RAM Tp R marker gene were transformed into E.coli HMS174(DE3) and grown overnight in LB medium containing chloramphenicol. An aliquot of 50 ml of the culture was then inoculated into 5 ml of fresh medium containing chloramphenicol and grown at 37°C until OD 598 = 0.2. IPTG was added to 500 mM and cells were induced for 2 h at 30°C. The cells were then pelleted, resuspended in 5 ml of M9 minimal medium without antibiotics, plated on M9 containing trimethoprim plus thymine and incubated at 30°C for 2±3 days. Alternatively, to enrich for disruptants, 1 ml of the IPTG-induced cells was added to 20 ml of M9 medium containing trimethoprim plus thymine and grown to saturation at 30°C, prior to plating.
For sequential disruptions using pACD3-RAMF, the targetron donor plasmid used to obtain the ®rst disruption was cured by plating on LB containing 100 mM IPTG and restreaking to identify a chloramphenicol-sensitive colony. The latter was then grown up in LB and transformed with pMAK-Flp. Flp recombinase was induced with 0.4% L-arabinose for 2 h at 30°C and the cells were plated on LB medium containing chloramphenicol. After checking cells for excision of the Tp R marker gene, pMAK-Flp was cured by plating on LB at 42°C. LtrB group II intron. The DNA target site in the ltrB gene is recognized by a RNP complex containing the IEP (LtrA protein) and excised intron lariat RNA, with both protein interactions and base pairing of the intron RNA contributing to DNA target site recognition (7, 8) . According to the model based on detailed DNA footprinting and modi®cation-interference analysis, the IEP ®rst recognizes a small number of speci®c bases, including T±23, G±21 and A±20, in the distal 5¢ exon region of the DNA target site, via major groove interactions. These base interactions bolstered by phosphatebackbone interactions from positions ±24 to ±13 trigger local DNA unwinding, enabling the EBS1, EBS2 and d sequences in the intron RNA to base pair with the IBS1, IBS2 and d¢ sequences in the DNA target site (positions ±12 to +3). The intron RNA then inserts directly into one strand of the DNA by reverse splicing. Second strand cleavage occurs after a lag and requires additional interactions between the IEP and the 3¢ exon, including recognition of T+5 in the 3¢ exon. Bases identi®ed as being recognized directly by the LtrA protein are highlighted. The arrowheads pointing to the top and bottom strands indicate the intron insertion site (IS) and the second strand cleavage site (CS), respectively.
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Generation of targetrons by PCR
A 361 bp DNA fragment containing modi®ed IBS1/IBS2, EBS2 and EBS1/d sequences was generated by a two-step PCR as described (13) , then combined with EcoRV-digested pACD3-RAM-PCR by an additional PCR, yielding a noncovalently closed donor plasmid, which was transformed directly into E.coli. Alternatively, the 361 bp PCR product and pACD3-RAM were both digested with HindIII + BsrGI and then ligated with T4 DNA ligase (400 U) (New England Biolabs, Beverly, MA) for 1 h at room temperature, prior to transformation.
Southern hybridization
Escherichia coli chromosomal DNA was isolated by the CTAB±NaCl mini-prep method (19) . Southern hybridization was as described (20), using a 32 P-labeled probe for the retrotransposed intron generated via PCR with primers TCTTGCAAGGGTACGGAGTA and GTAGGGAGGTA-CCGCCTTGTTC, using a High Prime DNA Labeling kit (Roche Diagnostics, Indianapolis, IN).
Random chromosomal insertions
After transformation with the RAM-targetron library, cells were grown to log phase at 37°C in LB medium, diluted 1:25 and grown for 20 h at 30°C in fresh LB containing 500 mM IPTG, and then for 5 h at 37°C in fresh LB containing 100 mM IPTG to induce targetron transcription and simultaneously promote donor plasmid loss. The cells were then washed and plated on Mueller±Hinton medium containing trimethoprim plus thymine, which was found to be essential for the selection with a chromosomally integrated Tp R gene. For inverse PCR, genomic DNA was isolated from Tp R Cam S colonies (>80% of total Tp R colonies) grown up in 1 ml of LB, digested with BsrFI + BsaWI (New England Biolabs) and religated. Inverse PCR was carried out using primers GATTCTCGG-CATCGCTTTCG and ATTGTTTTCTTGGGTCTCCAT. Gel puri®ed PCR products were sequenced, and integration sites were identi®ed by BLAST (http://www.ncbi.nlm.nih. gov/BLAST).
RESULTS AND DISCUSSION
Targetron vectors containing a retrotranspositionactivated selectable marker Figure 2 shows the RAM-targetron constructs used in this work. The constructs are based on a previously described intron donor plasmid pACD3, which contains a 0.9 kb DORF derivative of the L.lactis Ll.LtrB intron with¯anking exons, cloned behind a T7lac promoter in a pACYC184-derived vector (13) . The ORF encoding the IEP (denoted LtrA protein) is deleted from its original location in intron domain IV and expressed from a position just downstream of the 3¢ exon. The protein expressed from this position promotes ef®cient RNA splicing and intron mobility, leading to insertion of the DORF intron at a new DNA location. In the absence of the IEP, the DORF intron is unable to splice after insertion at the new location and thus yields a gene disruption, regardless of intron orientation.
The RAM strategy is based on one ®rst used to study yeast Ty1 transposition (21) and subsequently adapted to study group II intron transposition to ectopic sites by Belfort and coworkers (22) . In this strategy, a selectable marker with its own promoter is inserted in the reverse orientation into group II intron domain IV, but is disrupted by an ef®ciently selfsplicing td group I intron in the forward orientation (Fig. 2) . During targetron retrotransposition via an RNA intermediate, the td group I intron is spliced, activating the genetic marker, which is then selected after DNA integration. In the construct shown, the selectable marker is a trimethoprim-resistant (Tp R ) DHFR gene carried originally by the broad host range plasmid R751 (15) . This marker was chosen because its small size (313 nt after deletion of the 5¢-UTR) mitigates effects on intron mobility frequency (~20% wild type in an E.coli plasmid assay; data not shown).
To test the RAM system, we used group II introns LacZ1240s and ArgF-468a, whose EBS and d sequences have been modi®ed to insert speci®cally into the E.coli lacZ and argF genes (Fig. 3A) . In the absence of selection, these introns insert into their lacZ and argF target sites at frequencies of 0.067 and 0.83%, respectively (13; data not shown). pACD3-RAM constructs containing LacZ-1240s and ArgF-468a were transformed into E.coli HMS174(DE3), which contains an IPTG-inducible T7 RNA polymerase. After induction of targetron transcription with IPTG, cells were plated on minimal medium containing trimethoprim, yielding Tp R colonies at frequencies of 4.2 T 0.8 Q 10 ±7 and 2.3 T 0.1 Q 10 ±6 , respectively (two repeats). Because the Tp R marker is inactive prior to retrotransposition, it was not necessary to cure the donor plasmid before selecting Tp R colonies, a major advantage compared to previous gene disruption approaches using selectable markers. For the LacZ targetron, 93/100 Tp R colonies replated on X-gal medium were white, indicative of lacZ disruption, and correct insertion was con®rmed for 10/10 white colonies by PCR and sequencing across the intron±exon junction. For the ArgF-468a targetron, 110/126 Tp R colonies analyzed by PCR had the correct disruption, and 10/10 were con®rmed by sequencing. Alternatively, when IPTG-induced transformants were grown to saturation in liquid culture containing trimethoprim to enrich for insertions prior to plating, 100% of the colonies had the expected disruption. Southern hybridizations showed that the targetron disruptions obtained by both approaches were highly speci®c, with a single band corresponding to the inserted targetron and no additional non-speci®c insertions (Fig. 3B and C) .
A targetron with an excisible marker permits multiple gene disruptions
To adapt the system for multiple gene disruptions, we constructed a modi®ed RAM-targetron in which the Tp R gene is¯anked by FRT sites recognized by the site-speci®c recombinase Flp (23) (Fig. 2B) . The addition of the FRT sites reduced the mobility frequency of the targetron in the E.coli plasmid assay by~50%. First, we transformed the LacZ-1240s targetron containing the FRT-¯anked RAM marker into E.coli HMS174(DE3) and selected Tp R colonies to obtain lacZ disruptants as above. After curing the targetron donor plasmid by growth in IPTG, we introduced a temperature-sensitive plasmid expressing Flp recombinase (pMAK-Flp), leading to 100% excision of the inserted Tp R marker gene, as indicated by reversion to trimethoprim sensitivity and con®rmed by PCR (data not shown). We then cured pMAK-Flp by growing at 42°C and repeated the process with the ArgF-468a targetron to obtain the desired lacZ argF double disruptants. In principle, this procedure can be applied to obtain strains with as many disruptions as desired.
Generation of the targetron via PCR without cloning
For high throughput approaches, it is desirable to generate the targetron constructs rapidly. We showed previously that targetrons designed by using a computer program could be generated by a two-step PCR procedure, using three unique primers and one ®xed primer (13) . The initial PCR yields a 361 bp product with modi®ed target site recognition sequences and complementary 5¢ exon sequences required for ef®cient RNA splicing, and the second PCR combines the 361 bp product with the vector backbone to yield a non-covalently closed circular PCR product corresponding to the targetron donor plasmid. The latter can be transformed directly into bacteria. Here, we used a vector backbone generated by restriction enzyme digestion, eliminating one of the PCR steps (Fig. 4) . The LacZ-1240s and ArgF-468a RAM-targetrons generated by this method yielded Tp R colonies at frequencies of 2.8 Q 10 ±7 and 1.1 Q 10 ±6 , respectively, and X-gal plating and colony PCR showed that 97±100% had the desired gene disruption. We also obtained similar results by simply ligating the HindIII + BsrGI-digested 361 bp PCR product and vector backbone and then transforming the crude ligation mixture directly into E.coli (LacZ-1240s, 2.9 Q 10 ±7 , 93% disruptions; ArgF-468a, 1.2 Q 10 ±6 , 100% disruptions).
Random chromosomal insertions
In another new approach analogous to global transposon mutagenesis, we used a RAM-targetron library in which the intron target site recognition sequences (EBS2, ±12 to ±8; EBS1, ±6 to ±1; d, +1 to +3) were randomized to obtain targetrons integrated at different sites in the E.coli genome. After transformation of the library into E.coli HMS174(DE3), Tp R colonies were obtained at a frequency of 3.6 Q 10 ±6 . Analysis of insertion sites in 96 colonies by inverse PCR and Table S1 ). Of these 90 sites, 85 are located in 78 different genes and ®ve are in intergenic regions. Southern hybridizations showed that 12/13 Tp R colonies had a single intron insertion, with only one having a double insertion (Fig. 3D) . Thus, the method generates a library of single gene knockouts potentially useful for functional genomic analysis.
Group II intron target site recognition rules
The sequences of the insertion sites and integrated targetrons selected from the library provide additional insight into protein and base pairing interactions required for targetron integration. For discussion, the DNA target site can be divided into three parts: the distal 5¢ exon region (positions ±30 to ±13), recognized by the IEP to initiate mobility; the IBS/d¢ region (positions ±12 to +3), recognized by base pairing of the intron RNA; the distal 3¢ exon region (positions +4 to +15), recognized by the IEP for second strand cleavage (7, 8) . Figure 5 summarizes nucleotide frequencies at positions ±30 to +15 of the 90 sequenced targetron insertion sites. Alignments showed no strongly conserved nucleotide residues outside this region. In agreement with previous results, most of the conserved nucleotide residues recognized by the IEP are in the distal 5¢ exon region of the DNA target site (7, 8, 12) . Positions at which speci®c nucleotide residues were selected Figure 3 . Disruption of E.coli chromosomal genes using RAM-targetron constructs. (A) Group II introns targeted to insert into the E.coli lacZ and argF genes. Group II intron LacZ-1240s inserts at position 1240 in the sense (s) strand of the lacZ ORF and ArgF-468a inserts at position 468 in the antisense (a) strand of the argF ORF. The introns were constructed by identifying the best matches to the`®xed' positions recognized by the IEP and then modifying the intron EBS2, EBS1 and d sequences to base pair to target site positions ±12 to ±8, ±6 to ±1, and +1 to +3, respectively, for the EBS/IBS and d/d¢ interactions (12, 13) . The targeted introns were cloned into the pACD3-RAM donor plasmid modi®ed to contain complementary IBS1 and IBS2 sequences in the 5¢ exon to ensure ef®cient RNA splicing. The ®gure shows target sites and base pairing interactions for the retargeted introns. Nucleotide residues that match the wild-type target site are shaded. (B and C) Southern blots showing disruption of the chromosomal lacZ and argF genes by the retargeted group II introns. DNAs isolated from randomly chosen disruptants were digested with AatII + ApaLI, which linearizes the donor plasmid without cutting within the intron, and Southern blots were hybridized with a 32 P-labeled probe speci®c for the retrotransposed intron. Lanes 1±10 contain DNAs from 10 randomly chosen disruptants from an experiment in which Tp R colonies were selected directly on plates; lanes 11 and 12 contain DNAs from two disruptants in which cells were grown to saturation in liquid culture containing trimethoprim prior to plating. The left lane contains 5¢-labeled DNA markers (M) and the right lane contains linearized donor plasmid. The lacZ disruptant in lane 9 still contains a trace amount of donor plasmid (asterisk). (D) Southern blots of random chromosomal disruptants obtained using a RAM-targetron library with randomized target site recognition sequences. DNAs isolated from 13 randomly chosen Tp R colonies were digested with BsaWI + BsrFI and analyzed as above.
in >50% of the integration events include Y±23, G±21 and A±20, which are recognized via major groove interactions, position ±19, the site of a phosphate-backbone interaction, and positions ±17, ±15 and ±14, which are recognized either via minor groove interactions or via indirect readout of DNA structure (7) . We showed previously that mutation or modi®cation of these positions inhibits both the reverse splicing of the intron into the DNA target site and second strand cleavage (7, 8) . In the 3¢ exon, the only strongly conserved nucleotide residue was T+5, which is required for second strand cleavage but not reverse splicing (7, 8) . Several other target site positions in both the 5¢ and 3¢ exons showed weaker positive biases, and there were also signi®cant negative biases at some positions. Surprisingly, the nucleotide residues selected at positions ±18, ±17 and ±14 differ from those in the wild-type target site, implying that the wild-type site itself has a Figure 4 . PCR method for generating targetron constructs. A 361 bp linear DNA (top) corresponding to the 5¢ exon and 5¢ end of the Ll.LtrB group II intron was generated by a two-step PCR using two pairs of partially overlapping primers (primers 1 and 3 and primers 2 and 4) to introduce modi®cations into IBS1/2 (primer 1), EBS2 (primer 2) and EBS1/d (primer 4). Primer sequences were: primer 1, AAAAAAGCTTCGTCGATCGGAANNNNNNNNNNN-NGTGCGCCCAGATAGGGTG; primer 2, CGCAAGTTTCTAATTTCGGTTNNNNNTCGATAGAGGAAAGTGTCT; primer 3, AACCGAAATTAGAA-ACTTGCGTTCA; primer 4, CAGATTGTACAAATGTGGTGATAACAGATAAGTCNNNNNNNNNAACTTACCTTTCTTTGT (N indicates nucleotide residues that are changed to retarget the intron to speci®c genes). The 361 bp PCR product is then used as a megaprimer for a second PCR with a 6.7 kb vector backbone generated by EcoRV digestion of pACD3-RAM-PCR. The ®nal PCR product contains gaps (arrowheads) at different positions, depending on the strand of the 361 bp linear DNA from which priming occurred. EV, EcoRV site; B, BsrGI site; H, HindIII site; ori, P15A replication origin of pACYC184 vector.
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suboptimal target sequence. None of the conserved nucleotide residues required for retrohoming was invariant, the most strongly conserved being G±21 and T+5, which were present in 77 and 76% of the target sites, respectively. Thus, there is signi®cant redundancy or¯exibility in the`®xed' positions recognized by the IEP, a feature that facilitates identi®cation of multiple target sites in any gene.
Signi®cantly, the 68 DNA target sites containing T+5, which is required for second strand cleavage, showed no substantial bias for insertion into the leading versus lagging template strands (36 leading/32 lagging), whereas those lacking T+5 showed a signi®cant strand bias (15 leading/7 lagging for A, G or C, and 7 leading/1 lagging for G or C). These ®ndings suggest that targetron insertions at sites lacking T+5 may occur in the absence of normal second strand cleavage by using the nascent leading strand as an alternative primer for reverse transcription. Ichiyanagi et al. (22) also noted a strand bias for Ll.LtrB transposition to ectopic sites, which can also occur by reverse splicing into DNA without second strand cleavage, but here, the strand bias suggested a preferential use of lagging strand primers for reverse transcription. These ®ndings have signi®cant implications for group II intron mobility mechanisms.
Base pairing interactions
The base pairing interactions between the intron RNA EBS/d sequences and the DNA target site IBS/d¢ sequences could be inferred for 89 sites at which we obtained sequences of the EBS/d regions of the integrated intron. The data, summarized in Figure 6A , show strong selection for base pairing at IBS2 positions ±12 to ±8, IBS1 positions ±6 to ±1 and d¢ +1, with weaker selection for base pairing with the target site at d¢ +2. The d¢ +3 position showed no selection for base pairing, but did show selection for retention of the wild-type A residue in the intron RNA, as judged by comparision of base composition at this position in the integrated introns and the initial targetron library (Fig. 6B) . Several other positions in the intron RNA also showed signi®cant positive or negative selection in the integrated introns, re¯ecting either preferences for speci®c base pairs or an effect on intron RNA structure. Position ±7 was shown previously to be unpaired and the wildtype G residue corresponding to this position in EBS1 was not randomized in the targetron library (12, 13) . However, the randomly selected integration sites appeared to show some bias for a GT pair at this position (Fig. 6A) . Finally, positions ±12 and ±6 at the beginning of IBS2 and IBS1 showed particularly strong selection for GC or CG pairs (83 and 84%, respectively), possibly to nucleate or anchor the formation of these duplexes. On the whole, there appears to be stronger Figure 5 . Nucleotide frequencies at targetron insertion sites obtained using a RAM-targetron with randomized EBS and d sequences. The ®gure summarizes nucleotide frequencies (%) at positions ±30 to +15 in 90 different insertion sites in the E.coli genome. Strongly favored or disfavored nucleotide residues are highlighted: green, N > 50%; yellow, S (G + C) > 75%; blue, Y (C + T) > 75%; pink, N < 5%. We found no additional strongly favored or disfavored nucleotide residues from position ±100 to +100 from the targetron insertion site. selection for base pairing in EBS2/IBS2 than in EBS1/IBS1. These data, along with the nucleotide frequencies in thē anking regions, provide key information for the development of computer programs for designing ef®ciently targeted group II introns.
Distribution of targetron integration sites in the E.coli genome Figure 7 shows the distribution of the randomly selected targetron integration sites in the E.coli genome. Overall, the integration sites showed no strong strand bias (51 leading versus 39 lagging template) and those within genes showed no substantial transcription orientation bias (47 sense, 38 antisense). Remarkably, however, the integration sites were strongly clustered near the bidirectional replication origin (oriC), with 57% of the sites found within the 5% of the genome on either side of the origin (positions 3681887± 4151651).
The clustering of integration sites near oriC likely re¯ects, at least in part, that origin proximal regions are present in higher copy number than distal regions due to ongoing DNA replication. In rapidly dividing E.coli, this copy number difference can be as high as 4:1 (24) and may be increased further by abortive replications under some conditions (25) . We found no disproportionate representation of the Ll.LtrB target sequence near the replication origin. Furthermore, the integration sites located within 5% of oriC do not contain disproportionate numbers of Dam or Dcm methylation sites, suggesting that hemimethylation of sites near the origin is not a factor (26), and we detected no correlation between the group II intron integration sites and IHF or DnaA proteinbinding sites (27, 28) . It remains possible, however, that other features of DNA structure or packaging contribute to the skewed distribution or that the integration complex associates with replication factors, resulting in insertion early in the replication of the chromosome. Other transposons use a variety of different mechanisms for coordinating transposition with DNA replication (29, 30 ; and references therein). Although the randomly selected targetron insertions were biased toward the chromosmal replication origin, the gene knockout library is suf®ciently complex that insertions in poorly represented regions were detected readily by PCR (e.g. lacZ and araD) (Fig. 7) . In principle, the integrated introns could be re-ampli®ed from the knockout library by PCR and linked to a donor plasmid to obtain single knockouts in any gene.
Conclusions and prospects
In summary, our results establish a series of powerful new approaches for using targetrons based on mobile group II introns for targeted and random bacterial gene disruption. The targetron can be programmed to insert into a desired site with high speci®city via modi®cation of the group II intron EBS and d sequences, or these sequences can be randomized to obtain insertions at randomly selected chromosomal sites for functional genomic analysis. Because the L.lactis Ll.LtrB intron functions ef®ciently in both Gram-negative and Grampositive bacteria, these approaches should be generally applicable to a wide variety of bacteria, using either the RAM-Tp R marker gene described here or RAM versions of other selectable markers constructed by inserting the phage T4 td group I intron or other self-splicing introns. Targetrons do not require specialized strains or a highly ef®cient transformation procedure, can be transcribed by any RNA polymerase and are not dependent on host cell recombination functions (10, 13) . Although the distribution of non-targeted insertions in the E.coli genome is biased toward the replication origin, we envision that whole genome knockouts in any bacteria could be obtained rapidly by automated targeted insertion or by a combination approach in which an initial random knockout library is completed by automated, targeted insertion (A. Ellington, E. Marcotte and A.M. Lambowitz, in progress). In addition to these practical applications, our results provide additional insight into group II intron DNA target site recognition, suggest that a subset of group II intron retrohoming events may occur by using a DNA primer generated during DNA replication and reveal a previously unsuspected bias for group II intron insertion near the replication origin, with implications for group II intron mobility mechanisms. 
